This work presents the results of the study of non-uniformly magnetized regions on the surface of thin magnetic films in multilayer magnetic tunnel junction (MTJ) structure
Introduction
Despite the fact that the scanning probe microscopy (SPM) has the broadest range of applications in many modern studies, the method of dynamic MFM is currently used for imaging of magnetic fields linear dimensions greatly exceed the nanometer scale. First of all, this is due to the technological features of the scanning processes by SPM and the lack of the corresponding samples required for the observation of nanoscale effects. The impossibility of applying an external magnetic field to rearrange the domain walls on the sample surface during MFM imaging also remains an obstacle to the transition in the nanometer range of magnetic measurements.
The experimental technique
The constant magnetic field was applied to the test sample of multilayer thin-film MTJ structure Ta/CoFeB/MgO/CoFeB/Ta for the detection and study of the gradient of magnetic force on its surface. In the process of MFM measurements on the submicron level, it is necessary to separate the magnetic image from the topography of the sample. To solve this problem, the magnetic imaging was carried out based on the two-pass technique of dynamic MFM. In the first pass the sample topography was determined using the standard intermittent-contact method of SPM. During the second pass the cantilever oscillating at the resonant frequency was used for the detecting the magnetic field. By means of the feedback system in the second pass, the distance between the scanned surface and the fixed cantilever tip is kept constant and the magnetic image was obtained for the sample topography scanned in the first pass. The tip-surface distance must be large enough to neglect van der Waals forces and to expose the cantilever by only the long-range magnetic force in the second pass. In accordance with this method, as the sample topography as its magnetic image can be scanned successively for the same surface area.
The micromagnetic simulation
Using the micromagnetic GPU-accelerated software mumax3 [1] , the micromagnetic simulation of the formation of domain walls in the bottom CoFeB layer of thin-film MTJ structure after the switching off the magnetic field applied perpendicular to the sample surface was carried out which corresponds to the experiment described below in our work. The parameters of CoFeB magnetic film were set as follows: the exchange stiffness constant A EX = 13 · 10 −12 J/m, the saturation magnetization M S = 9.57 · 10 5 A/m, the Gilbert damping parameter α = 0.02. The micromagnetic dynamics of the magnetic system can be described by the Landau-Lifshitz-Gilbert
where γ is the gyromagnetic ratio, M is the magnetization of CoFeB magnetic layer,
is the effective magnetic field, including the external magnetic field B, the exchange field B ex , the anisotropy field B u and the demagnetization field B d . The magnetic field of 0.5 T was applied to the structure during 3 ns, after which it was switched off for the time (∼3 ns) needed to ensure that the magnetic state of CoFeB layer comes into equilibrium. Fig. 1a shows the time dependence of the components of normalized magnetization m = (m X , m Y , m Z ) illustrating the rotation of the magnetization vector out of the plane under the transverse magnetic field and its subsequent relaxation to the initial state in the plane of the layers. The micromagnetic interpretation of the MFM measurement was also theoretically obtained and the scanned area of the sample is 610 nm x 610 nm, the height of the magnetic tip h = 20 nm, the distance from the tip to the sample surface d = 20 nm as it was set in the experiment. Both micromagnetic and simulated MFM image of the magnetic layer of MTJ structure after the switching of the magnetic field are presented at Fig. 1b-c where the estimated thickness of domain wall in the center area is about 25 nm which is consistent with experimental data shown below. From Fig. 1 it is easy to see the formation of a magnetic vortex in the center of the scanned area in which the magnetization is perpendicular to the plane of the layers, where the region itself is divided into four magnetic domains separated by thin magnetic walls as presented at MFM image of CoFeB magnetic layer. Fig. 1. a) The time dependence of the magnetization components in CoFeB magnetic layer: the magnetic field with amplitude of 0.5 T is applied perpendicular to the layer for 3 ns after which it turns off. (b) Micromagnetic and (c) simulated MFM images of the magnetic surface of CoFeB magnetic layer in MTJ structure generated by mumax3 after switching off the magnetic field. The calculated thickness of domain wall is about 25 nm
The experimental results and discussion
In this paper we study the magnetic properties of thin magnetic films of MTJ structure in the absence of an external magnetic field and under its application to the sample with the amplitude of 0.5 T using the scanning probe microscope Smart-SPM 1000 (manufactured by AIST-NT, Zelenograd). The test samples of multilayer MTJ structure were obtained using AJA ATC 2200 UHV rf magnetron sputtering system. First, the Si3N4 layer was formed on the prepared silicon substrate, whereupon Ta (40 nm), CoFeB (9 nm), MgO (2 nm), CoFeB (3 nm) and Ta (10 nm) layers were sequentially deposited on the Si-Si3N4 bilayer. The materials in the multilayer structure correspond to the MTJ composition usually used in the experiments of the study of tunneling magnetoresistive effect [4] . During the measurement, the MFM images of the magnetic surface of the multilayer MTJ structure were obtained in the absence of magnetic field (Fig. 2a) and after its applying with the amplitude of 0.5 T perpendicularly to the bottom layer of the sample (Fig. 2b) .
The measurements were performed in normal conditions in air, where highly sensitive MFM probes HR-MFM were used (manufactured by Team-Nanotec, Germany). The curvature radius of the cantilever tips with magnetic coating was controlled within 20 nm using scanning electron microscopy (SEM). The amplitude of the cantilever oscillations was set about 30 nm. The distance between the sample surface and the cantilever tip does not exceed 20 nm. It can be seen that the applied magnetic field causes the eddy rearrangement of magnetic domains in local areas on the magnetic surface of CoFeB in MTJ structure. The magnetic domain walls in the absence of magnetic field are absent or not clearly visible at Fig. 2a , even with the double increase in the measurement area. As it is shown in Fig. 2b , we also estimated the value of the differential gradient of magnetic forces at the sample surface, in this case it is about 20 nm.
Conclusion
In this paper we demonstrated the possibility of the measurement of the domain wall thickness of nanometer scale by MFM magnetic probes in air. The processes of the magnetic reconstruction 
